ABSTRACT: Mountain rivers respond to strong earthquakes by rapidly aggrading to accommodate excess sediment delivered by co-seismic landslides. Detailed sediment budgets indicate that rivers need several years to decades to recover from seismic disturbances, depending on how recovery is defined. We examine three principal proxies of river recovery after earthquake-induced sediment pulses around Pokhara, Nepal's second largest city. Freshly exhumed cohorts of floodplain trees in growth position indicate rapid and pulsed sedimentation that formed a fan covering 150 km 2 in a Lesser Himalayan basin with tens of metres of debris between the 11th and 15th centuries AD. Radiocarbon dates of buried trees are consistent with those of nearby valley deposits linked to major medieval earthquakes, such that we can estimate average rates of re-incision since. We combine high-resolution digital elevation data, geodetic field surveys, aerial photos, and dated tree trunks to reconstruct geomorphic marker surfaces. The volumes of sediment relative to these surfaces require average net sediment yields of up to 4200 t km -2 yr -1 for the 650 years since the last inferred earthquake-triggered sediment pulse. The lithological composition of channel bedload differs from that of local bedrock, confirming that rivers are still mostly evacuating medieval valley fills, locally incising at rates of up to 0.2 m yr -1
Introduction
Understanding how mountain rivers and landscapes respond to earthquake-generated debris is indispensable for managing water and sediment fluxes, planning mitigation and remediation measures, and safeguarding the livelihoods of people. Earthquakes can mobilize large volumes of landslide debris that enters and disturbs mountain rivers (Keefer, 1994) . How long this excess sediment lingers in the landscape remains debated (Blöthe and Korup, 2013) . A growing number of detailed sediment budgets suggest variable recovery times of earthquakeproduced debris in rivers, ranging from a few years (Pain and Bowler, 1973; Lin et al., 2008; Hovius et al., 2011) to several decades (Koi et al., 2008; Howarth et al., 2012; Uchida et al., 2014) . Local sediment yields can exceed 10 5 t km -2 yr -1 in the first years following seismic disturbance (Pain and Bowler, 1973; Korup, 2012; Marc et al., 2016) , forcing channels to aggrade by tens of metres in places (Chen, 2009) . Suspended sediment yields after the 1999 Chi-Chi earthquake, Taiwan, were roughly four times higher than before the earthquake, but fell back to this former level after about 6 years (Lin et al., 2008; Yanites et al., 2010) . Similarly, rivers impacted by landslides from the 1970 M w 7.0 Madang earthquake, Papua New Guinea, flushed out most of the excess debris within a few years (Pain and Bowler, 1973) . In contrast, 80% of coseismic landslide debris from the 2004 M w 6.8 Mid-Niigata earthquake, Japan, remained in a catchment after several years despite high yields of~4 × 10 4 t km -2 yr -1 (Matsuoka et al., 2008) . And similarly, contemporary sediment yields remain elevated in many small mountain rivers as a consequence of the 1923 Kanto earthquake (Koi et al., 2008) .
Clearly, earthquake debris might linger for largely differing periods in river catchments. Hence, mitigating the river dynamics associated with flushing this debris requires that we objectively detect and measure fluvial response and recovery. Common metrics include changes and adjustments, in channel geometry, such as planform and bed elevation (Simon, 1992; Chen, 2009) , and changes in suspended sediment loads (Lin et al., 2008) . Several studies have characterized fluvial response in terms of changing bedload (sediment slugs; e.g. Dunne and Aalto, 2013) , changing sediment budgets (Huang and Montgomery, 2012) , migrating and disappearing knickpoints (Liu and Yang, 2015) , cosmogenic nuclide abundance in river sediments (West et al., 2014) , and with numerical models (Croissant et al., 2017) . Compound measures such as river sensitivity use the ratio of recurrence interval to relaxation or recovery time (Brundsen and Thornes, 1979; Fryirs, 2017) . All these metrics require a known reference state before the earthquake, like channel geometry or sediment load. Recovery then expresses the time needed to regain, at least within an arbitrarily specified range, this presumably undisturbed reference state. Whether a given choice of multiple metrics of river response or recovery is consistent remains debatable; for example, sediment loads may have gone back to their preearthquake levels, whereas channel geometry may have not.
Here, we wish to shed more light on this issue. Our aim is to investigate several proxies of river response from catastrophic sediment pulses triggered by large medieval earthquakes in the Nepal Himalaya. Specifically, we use the age, elevation, and locations of a cohort of dead trees encased in valley-fill deposits, offering dateable markers of fluvial aggradation. We also estimate fluvial recovery using sediment provenance, sediment yields from volumetric calculations, and river longitudinal profiles derived from high-resolution digital elevation models (DEMs) (Figures 1, 2) . Finally, we reflect upon whether and how consistently these different criteria represent fluvial recovery.
Study Area
The Himalayas began to form in the wake of the collision of the Indian and Eurasian tectonic plates from about 50 Ma (Hodges et al., 1996) . The convergence between the two plates maintains high rock uplift rates (Grandin et al., 2012) combined with strong earthquakes (Hasegawa et al., 2009 ) and rapid erosion (Burbank et al., 2003; Parsons et al., 2015) , particularly in our study area of the Pokhara Valley, south of the Annapurna Massif, Nepal (Figure 1 ). Its high peaks comprise the Tethyan Sedimentary Series (TSS) dominated by marine calcareous meta-sediments and limestones (Pêcher, 1991) and the Higher Himalayan Crystalline Sequence (HHC) (Colchen et al., 1981; Pêcher, 1991; Martin et al., 2005 ) -here we refer to these two groups as Higher Himalayan (HH). We focus on the southern Annapurna Massif, where it is drained by the Seti Khola ('Khola' = river in Nepali), with a catchment area of A. STOLLE ET AL.
~1400 km 2 . The river descends from the Sabche Cirque carved into the Higher Himalayan metasediments and traverses in a steep and deeply cut gorge the Main Central Thrust (MCT) before entering the broad Pokhara Valley in the Lesser Himalayas (Martin et al., 2005; Fort, 2010) . Estimated denudation rates are 2.0-2.7 mm yr -1 in the Higher Himalayas, and 0.1-0.8 mm yr -1 in the Lesser Himalaya (Robert et al., 2009; Godard et al., 2014) . Cosmogenic nuclide abundance and suspended sediment yields in major rivers leaving the mountain range indicate basin-wide erosion rates of 1-2 mm yr -1 (Andermann et al., 2012; Lupker et al., 2012) .
The Pokhara Valley, drained by the Seti Khola, is near some of the steepest topographic relief in the Himalayas (Figure 1 ). The headwaters of the Seti Khola rise some 7 km over 20 km of horizontal distance to the Annapurna peaks, but much of the tributary network drains the Lesser Himalaya, bound to the south by the Main Boundary Thrust (Parsons et al., 2015) . South of the MCT, the Pokhara Valley hosts extensive fan sediments of the Pokhara Formation (Yamanaka et al., 1982; Fort, 1987) with an estimated volume of 5-7 km 3 and covering 150 km 2 over a distance of 70 km from elevations of 400 to 1350 m asl. This fan sustains much of Pokhara, Nepal's second largest city (Figure 1) . North of the valley, the Pokhara Formation is inset into the Ghachok Formation, an older indurated valley fill, whereas south of Pokhara city, the Pokhara Formation onlaps the Ghachok Formation. The dissected fan surface comprises gravelly cut-and-fill terraces interrupted by short, narrow and steep bedrock gorges. A radiocarbon chronology of 47 samples and sedimentological analyses of flood and debris-flow deposits document rapid sedimentation following three medieval earthquakes dated to~1100, 1255, and 1344 AD (Schwanghart et al., 2016; Stolle et al., 2017) . These, and also possibly some older, sediment pulses made the Pokhara fan toe invade several tributary mouths for up to 8 km, damming several lakes (Figure 1 ) (Yamanaka et al., 1982) .
Methods
We sampled eight tree trunks from cohorts exposed by active channel erosion along the Phusre and Anpu Khola (Figures 1  and 2(a) ), small tributaries of the Seti Khola at the fringes of the Pokhara fan. All trees were encased in gravelly valley-fill sediments in growth position at different elevations. We sampled the outermost layer of the trees to ensure that we obtained the youngest material for 14 C dating. In total, we identified at least a dozen trees sticking out of floodplain deposits and channel banks. We calibrated the radiocarbon ages of the tree trunks using a Bayesian approach in the OxCal 4.2 software with the IntCal13 (Reimer, 2013) calibration curve. We encoded the stratigraphic relationship of the trees in a prior distribution, thus eliminating from the posterior age distributions the effects of plateaus in the radiocarbon calibration curve. We also tested other prior distributions assuming different phases of aggradation, but found only slight differences in the resulting posterior age distributions (Schwanghart et al., 2016) . Without detailed data on the local sedimentation rates, we used a uniform-one-phase model as the simplest prior (Stolle et al., 2017) .
To estimate to first order the denudation rates from the Lesser Himalayan terrain draining the Seti Khola, we collected quartzrich samples of channel bedload from five tributary catchments for in situ cosmogenic nuclide analysis ( Figure S2 ). We sampled upstream of the Pokhara fan margins to exclude actively eroding valley fill, and to minimize the effects of human disturbance (Figure 1) . We detail the processing and measurement of these samples in the Supporting Information, and augment our set of basin-wide denudation rates by previous work (Godard et al., 2014; Kim et al., 2017) .
Our first criterion of fluvial response is the modern bedload fraction derived from reworked valley fill versus local, Lesser Himalayan sources. We surveyed bed material in active Brierley and Hickin (1985) , a modified version of the Wolman (1954) method. Along each of the Anpu, Phusre, and Saraudi Khola, we identified mid-channel bars and recorded the intermediate axis and lithology of 100 clasts ≥8 mm at 0.5 m intervals. We ascribed the lithologies to either HH or Lesser Himalayan Sequence (LHS) provenance according to the geological map of the Pokhara Valley (Koirala et al., 1998) . We also used our provenance analyses based on X-ray fluorescence spectrometry, which distinguishes the HH signature in the Pokhara Formation from the local LHS sources (Schwanghart et al., 2016; Stolle et al., 2017) . The proportions of upstream catchment area underlain by these major lithologies should roughly indicate their commensurate mixture in channel-bed sediments under transport-limited equilibrium conditions. Despite the short tributary lengths and similar grain-size distributions, we cannot exclude possible influences of transport distance or varying abrasion and clast comminution (Mueller et al., 2016) . Thus, we used the lithological composition of bedload at the uppermost sampling site of each investigated river reach as a proxy for the expected bedload distribution and corrected the other distributions accordingly.
The second criterion of river recovery from catastrophic disturbance concerns the volumes of sediment exported. We mapped the highest terrace levels and fan-surface elevations manually (1:10.000 scale) from a 2.5 m ALOS panchromatic image combined with maps of local slope and hillshade derived from the AW3D DEM (estimated standard error of 15 m). We then masked the contemporary network of gorges in the DEM with an edge detection algorithm to identify maximum variations in pixel intensities at the edges of the mask (Hoeltgen et al., 2013) . We assumed that all gorges post-date the Pokhara Formation. We used a Laplace interpolator to smoothly reconstruct the former aggradation surfaces for each DEM using MATLAB's function regionfill (www.mathworks.com/help). By subtracting the present topography from the reconstructed former, we estimated the depth of local incision and sediment volumes eroded by the channel network (Figure 3(a) ). We computed sediment yields assuming bulk densities of 1.6-2.0 t m -3 (Phusre Khola, Figure 1 ), and three age scenarios based on the published radiocarbon chronology (Stolle et al., 2017) . For more modern and local estimates of sediment excavation, we mapped channel changes in the Phusre Khola over past decades from 4 m resolution Corona aerial imagery from 1967, 15 m resolution LANDSAT imagery from 2013, and 2.5 m ALOS images from 2010. We identified historic terraces from aerial imagery and surveyed the youngest ones with dGPS in the field to constrain average channel incision rates, taking local elevation differences of newly formed and time-stamped terrace treads (Figure 2(c) , and S1). We used three different DEMs to reconstruct former aggradation surfaces in the Pokhara Valley and to estimate the volume of material excavated by rivers as a function of DEM resolution. We chose the 5 m ALOS 3D enhanced DEM (AW3D), the 12.5 m Tandem-X DEM, and a 15 m DEM derived from topographic map contours. The fan surface is locally cut by gorges >45 m deep and 5 -15 m wide that are poorly captured by the DEMs. We hydrologically corrected the data with TopoToolbox software (Schwanghart and Scherler, 2014) and carved one-pixel wide channels. Most gorges are ≥5 m wide, judging from field and dGPS data, so that we defined the minimal carved stream widths as 15 m in the AW3D DEM.
Our third criterion of river recovery is the adjustment of channel longitudinal profiles to their lower concave envelope. Rivers slicing through the Pokhara Formation have numerous knickpoints (Figure 3(b) ), and we calculated their lower concave envelopes similar to a convex hull (Jarvis, 1973) . The resulting geometry resembles the lowermost shape enclosed by rubber bands stretched from the basin outlet to each channel head of the river network. From this envelope of channelbed elevations z c we estimated recovery as the ratio Z r between the average vertical offsets, between the actual river bed z and z c , and the average vertical offset between the aggraded surface z a and z c :
We also mapped river knickpoints by fitting strictly concave upward profiles to the raw data. We then incrementally relaxed the concavity constraint where offsets between the raw and the concave profile were highest, thus dividing the profile into strictly concave sections punctuated by convex knickpoints. Recording the locations of the knickpoints, we recursively repeated this procedure until offsets were <20 m. We chose this arbitrary value to extract only major convexities in the longitudinal profile and to account for uncertainties of elevation errors in the data. This procedure is implemented in the function knickpointfinder in TopoToolbox (Schwanghart and Scherler, 2014) . We used the knickpoints to calculate their χ-values with m/n ratios ranging from 0.2 to 0.9 (Perron and Royden, 2013) , and tested whether the knickpoints propagated upstream along the river network from a common origin. If so, knickpoints would cluster at one horizontal position in χ-space (Perron and Royden, 2013) .
Results
The radiocarbon results from eight dead trees in growth position in Phusre and Anpu Khola show that the trees died synchronously in the early 13th century, but no later thañ 1260 AD (Figure 4 , Table I ). The trees in our dataset located at lower elevations may have been killed slightly earlier than higher ones, but the error margins are close to the resolution of the method. The trees stand up to 18 km apart, but were all buried by up to 20 m of gravels and sands of the Pokhara fan toe. Clast-provenance work shows that these fan sediments come mainly from Higher Himalayan meta-limestones, whereas local contributions are negligible ( Figure 5 ). Like all other tributaries of the Seti Khola around Pokhara, the Phusre and Anpu Khola have incised up to 70 m into the Pokhara Formation, forming pronounced flights of terraces, and locally exposing trees in growth position (Figure 2(a) ). Extensive channel bars and locally braided channels indicate that the river system is transport-limited with respect to the valley fill. This fill buffers most of the local hillslope debris (Figure 2(b) ) from the channels so that HH material makes up >80% of the contemporary bedload ( Figure 5 ). Only the upper 12% of active river banks in the Anpu Khola incised into the Pokhara Formation contain mostly LHS gravels ( Figure 5 ). Several tributary catchments are still transporting mainly HH material in their lower aggraded reaches (Figure 6 ), often twice as much as one would expect assuming that the uppermost samples along the reaches are representative of the bedload composition close to the fan margin. Large sediment input from the actively eroding river banks occurs along Phusre Khola, which is notched between the fan toe of the Pokhara Formation and a range of bedrock hills, and thus receives HH and LHS sediments from its left and right banks, respectively; local sources dominate the bedload in this tributary.
We estimate from historical air photos ( Figure S1 ) and dGPS field surveys that average incision was 0.16-0.22 m yr -1 in the past 50 years (Figure 2(c) , at Phusre Khola), and up tõ 0.12 m yr -1 since catastrophic aggradation began in the early 13th century. Our morphometric analysis of terraces cut into the Pokhara Formation shows that, depending on the DEM, some 1.7 ± 0.2 km 3 of sediment was eroded by rivers, fuelling yields of up to 4200 t km -2 yr -1 at the fan toe (Table S1 ). Assuming a total deposit volume of 5-7 km 3 (Stolle et al., 2017), we infer that 34 ± 5% of the sediment volume has been exported since the Pokhara Formation was emplaced. The corresponding mean erosion rate over the entire catchment is 0.1 to 2.2 mm yr -1 (Figure 2(d) ), and largely varies within this range if projected to individual tributaries along the Seti Khola ( Figure 7 ; Table S1 ).
Longitudinal profiles of the Seti Khola and its northern tributaries are consistent with an ongoing adjustment to catastrophic trunk-stream aggradation (Figures 8, 9 ). Yet knickpoints are widely scattered in χ-space so that the river profiles do not adjust to a single base-level change that propagates upstream. We find no suitable value of the m/n ratio that would collapse the χ-plot data to a single line. The spread in elevations for m/ n = 0.45 comes from the lower gradient of tributaries compared with that of the Seti Khola (Figure 9 ). Knickpoints are prolific close to the Seti confluence and tied to steep and narrow bedrock and gorges cut into the older Ghachok Formation (Figure  2(f) ). We identified 16 major ( Figure 9 ) and 11 minor knickpoints, mostly clustered 30-50 m above the Seti channel bed (Figure 8 ). Knickpoints abound where the volumetric erosion rates increase most sharply downstream, and where the fan is widest before narrowing further downstream. The longitudinal profile together with the original fan surface and a fitted theoretical concave channel profile indicates that the rivers have adjusted by~70% from the catastrophic sediment input (Figure 9 ).
Discussion
What do our data on channel geometry, sediment yields, and clast provenance reveal about the response of the Seti Khola and its tributaries to catastrophic aggradation in medieval times?
The geomorphology of the Pokhara fan, and especially the many lakes or dried lake basins at its fringe, shows that parts of the drainage network are plugged by excess sediment. Nearly a dozen existing and infilled tributary-mouth lakes signify a protracted fluvial response to extreme sedimentation. The lakes remain undated, hence firm connection with the medieval sediment pulses awaits future work. Phewa Lake might have been dammed by HH gravel during the Pleistocene (Yamanaka et al., 1982) , while two superimposed dams formed between 1100 and 600 BP (Yamanaka et al., 1982) . The estimated sediment influx to the lake during the monsoon season is between 21 and 547 t d -1
; cores in the lake delta indicate sedimentation rates of up to 23.5 mm yr -1 , and the delta front advances by up to 1 m annually (Ross and Gilbert, 1999) . Sedimentation rates of the smaller and shallower Begnas and Rupa lakes are even higher (Rai, 2000) . Our work on sediment provenance supports the idea of sustained river response to catastrophic aggradation. Our clast-count data consistently tie sedimentological and geochemical provenance data together with our radiocarbon chronology, including newly dated tree trunks (Figure 4) . Most of the modern bedload in the lower tributaries derives from the Annapurna Massif rather than the surrounding Lesser Himalayan sources despite frequent floods and landslides in this monsoon-drenched area. Yet the modern channel bedload composition indicates that response to medieval catastrophic aggradation is ongoing ( Figure 5 ). However, if fluvial recovery is signified by the degree to which the channel bed has returned to its pre-disturbance elevation, we would argue that the Phusre and Anpu Khola are close to full recovery (Figures 1, 2) , that is, assuming that our dated trees were part of a continuous floodplain level and did not grow on hillslopes buried by rapid aggradation. What was the erosional response of thus aggraded rivers? Our volumetric rate estimates show that rivers excavated about a third of the sediments, but these estimates depend on robust dating of the geomorphic surfaces that we reconstructed. We do not account for active river mining at many locations in the Seti Khola; hence, from this perspective, our sediment yield estimates are upper bounds. These yields rest on calibrated radiocarbon dates and integrate over seven to eight centuries. Our new radiocarbon ages and their geomorphic setting are consistent with the recently proposed chronology of medieval catastrophic aggradation in the Pokhara Valley (Yamanaka, 1982; Fort, 1987; Schwanghart et al., 2016; Stolle et al., 2017) , and have no outliers. The variation in volumetric erosion rates along the Seti Khola might reflect local differences in erosional resistance, especially where rivers need to cut into the more resistant Ghachok Formation (Figure 7 , Table S1 ). The longitudinal profiles of the drainage network have many large knickpoints (Figure 8 ), although the DEMs fail to resolve some of the deep gorges. Channelbed elevations differ widely upstream in the tributaries, consistent with protracted adjustment to trunk-stream aggradation (Figure 1 , around Pokhara city). We found no suitable m/n ratio that would collapse the longitudinal profiles of the trunk and tributary network in the Pokhara Valley. Using m/n = (Perron and Royden, 2013) for the integral transformation results in a χ-plot that highlights the lower channel gradients of the tributaries compared with the trunk channel. These differences in local gradient may be inherited from the depositional surface of the Pokhara fan, which is much steeper downvalley than at ponded tributary mouths reversal (Schwanghart et al., 2016) . The gravel bedload in the fan centre is also much coarser than at its toes that invade tributaries with silty slackwater deposits (Stolle et al., 2017) , and this difference in grain size may control channel gradients (Finnegan et al., 2017) . The plugged tributaries seem unable to keep pace with the rapidly incising Seti Khola, and some knickpoints might be stalled at epigenetic gorges cut through the Ghachok Formation or LHS bedrock (Figures 1, 2) , thus maintaining low gradients upstream (Phillips and Lutz, 2008) . The data do not cluster in χ space, as would be the case for mobile knickpoints related to a common base-level change (Perron and Royden, 2013) . We infer that knickpoint distributions should be viewed with caution when it comes to gauging fluvial recovery times.
Regardless of when we posit the onset of post-seismic dissection of the Pokhara Fan, the corresponding average net sediment yields are extremely high and comparable with those estimated from breached landslide dams ( Figure 10 ). Our results show that the contemporary sediment yield from the Pokhara area is dominated by reworking of the medieval valley at rates that nominally outweigh estimates of millennialscale denudation rates in Lesser Himalayan catchments (Vance et al., 2003; Godard et al., 2014) . We cannot fully discard that sediment storage and incomplete mixing compromise our 10 Be-derived denudation rates, so that we resort to interpreting the concentrations of 10 Be in the contemporary river sands instead. The abundance of cosmogenic 10 Be at 23 locations, five new measurements (Table II) , and published data (Godard et al., 2014; Kim et al., 2017) in the Seti Khola Figure 10 . Global comparison of average sediment yields following local to landscape-scale disturbances as a function of the time since disturbance; modified after Korup (2012) . Bubble size is scaled to the volume of sediment catastrophically produced by landslide -and other natural dam failures, earthquake -and tropical cyclone-triggered landslides, and reworking of pyroclastic fallout. Shaded rectangles are percentiles of sediment yields reported in several hundred mountain rivers throughout the world; see Korup (2012) drainage requires integration timescales of 500 to 1750 years. Some of the scatter in these timescales (Figure 7 ) must thus come from the mixing of sediment for rapidly eroding ( 10 Bepoor) Higher Himalayan and more slowly eroding ( 10 Be-rich) local sources. The 10 Be concentrations we measured thus support the observation that rivers also carry material nominally older than the Pokhara Formation even in reaches that still cut through it.
Historical air photos and GNSS measurements of selected terrace treads of the Pokhara Formation in the Phusre Khola emphasize contemporary channel dynamics. Average incision rates have been locally up to 0.2 m yr -1 in past decades (Figure  2(c) ), accompanied by active bank erosion so that rivers also shift sideways; gully-head cuts at the toe of the Pokhara fan have remained largely stable over the same period, however. During our fieldwork between 2013 and 2016, we witnessed how flood terraces formed by channels that locally incised at 0.4 m yr -1 . Such high erosion rates may have caused the main Seti Khola bridge to collapse in 1991 (Shrestha et al., 1992) . Erosion by groundwater sapping along the interface between the Pokhara Formation and underlying bedrock or the less permeable Ghachok Formation may be a key mechanism for triggering such collapses; the calcareous Pokhara Formation promotes piping in the Kali Khola with subsurface channels, cavities, sinkholes, and chimneys (Waltham, 1996; Gautam et al., 2000) , whereas caves, karst forms and the Seti gorges near Pokhara city are all in the Ghachok Formation. Indeed, some of the river recovery may have occurred underground by piping, karst formation, and shifting groundwater flows.
Summarizing all evidence from our three proxies, we infer that the rivers in the Pokhara Valley are still responding to several medieval earthquake sediment pulses. We report a wide range of recovery states depending on the proxy used. Rates of volumetric erosion and river profile adjustment allow us to quantify recovery times, assuming that recovery can be approximated by an exponential decay function. Extrapolating these functions until they reach a level of 10% of remnant recovery suggests that recovery times could lie between 1400 and 3900 years. Despite the wide range of estimates, our study is the first to show from multiple proxies that fluvial response to earthquakes can exceed many centuries and potentially much longer.
Conclusions
We provide some of the first evidence that earthquake-induced sedimentation in mountain rivers may protract fluvial, and hence also, landscape response much more than previously documented. The rivers around Pokhara have been adjusting to catastrophic sediment pulses for nearly eight centuries. A number of independent proxies attest to this adjustment and recovery: dated exhumed tree trunks record sudden aggradation in the early 13th century. Their location and exposure reveal that the river bed has almost reached its pre-disturbance elevation by incising into the valley fill deposits, whereas only the upper 12% of the active channel stores local LHS deposits as opposed to the dominant HH lag material that derives mainly from several strong medieval earthquakes.
Our findings raise the question of whether massive valley fills and terrace staircases widely observed in the central Himalayas (and elsewhere) exclusively and faithfully record climatic or seismic disturbances that may drive sediment availability and river transport capacity (Blöthe and Korup, 2013) . The Pokhara Valley has clearly taken many centuries to partially recover from medieval earthquakes:~70% of the catastrophic deposits still remain untouched today, whereas the longitudinal profile of the Seti Khola may need another 30% to adjust to reach equilibrated conditions. We argue that longer-lived, in this case centennial, geomorphic impacts of earthquakes on channel stability and sediment yields should be acknowledged in postseismic hazard appraisals and infrastructural planning in the Pokhara Valley and mountain regions elsewhere. Yamanaka H, Yoshida M, Arrita K. 1982 
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